We characterize the incorporation of Ba adatoms into the Ge(001) surface, resulting in the formation of one-dimensional structures with an internal 2 × 3 periodicity, after the deposition of Ba atoms at 970 K or at room temperature followed by a 770 K anneal. Scanning tunneling microscopy (STM) data were compared with theoretically simulated STM images generated by density functional theory electronic structure calculations. Excellent agreement between experiment and simulation was found when using an adopted structural model that assumes partial removal of the surface Ge dimers in the [1-10] surface direction and subsequent addition of a single Ba atom to the substrate second layer. Structural assignments for a number of defects observed within regions of the 2 × 3 reconstruction were also obtained.
I. INTRODUCTION
Future developments in microelectronic circuits will be underpinned by the ability to integrate different material platforms into existing Si-based technologies. One promising candidate for such integration is germanium (Ge) [1] . This is because of the structural similarity of the Ge(001) surface to the technologically relevant Si(001) substrate [2, 3] and superior electronic properties of Ge compared to Si [1, [4] [5] [6] . Progress in the field requires, however, and complete knowledge about technologically relevant processes on Ge surfaces such as controlled growth of low Ohmic contacts [7] [8] [9] [10] [11] , formation of passivation layers [12] [13] [14] [15] , or structural and electronic functionalization [16, 17] .
The interaction of alkaline-earth metals such as strontium (Sr) or barium (Ba) with the Si(001) and Ge(001) surfaces is fundamental to the controlled formation of high-k surface layers [12] [13] [14] [15] 18] . At coverages below 0.5 monolayer (ML) these elements were shown to form two adsorption structures on Si(001) and Ge(001)-namely the on-top and incorporated phases [15, 19] . The on-top phase on Si(001) was observed for the room temperature (RT) adsorption of Ba, Li, or Sr atoms in the form of randomly distributed chains of the adatoms that run across the Si dimer rows [19] [20] [21] [22] [23] . The analogous phase formed by the Ba adatoms on Ge(100) was demonstrated to consist of the Ba ad-dimers [24] .
Deposition of the Ba or Sr atoms on Si(001) or Ge(001) substrates kept at elevated temperatures (usually above 600 K for Ge and 1000 K for Si) was shown to result in the formation of the incorporated phase [22, [25] [26] [27] [28] [29] . This phase is characterized by the adatom induced 2 × 3 surface reconstruction at coverages up to 1/6 ML [28, 30] . It was demonstrated recently that annealing the on-top phase in the * wojciech.koczorowski@put.poznan.pl Ba/Ge(001) adsorption system promotes the incorporation of the Ba adatoms into the substrate and transforms the on-top phase into the incorporated phase [15] .
There has been a long debate regarding the structural models that could account for the 2 × 3 reconstruction of the incorporated phase observed on Si(001) [17, 19, [25] [26] [27] 31] . The formation of 2 × 3 is supported by the observations that the presence of the Sr adatoms on Si(001) reduces the activation energy barrier for the Si dimers to diffuse on the surface from 1.29 to 0.63 eV (for 0.5 ML Sr coverage) [26] . It is anticipated, therefore, that at elevated temperatures there may be enough energy to relocate some of the Si (Ge) surface dimers on the substrate and incorporate the adatoms to form the 2 × 3 adsorption phase. This structural model initially proposed for the Sr/Si(001) system has successfully been adopted for Ba/Si(001) [31] .
The main goal of the present paper is to analyze the formation processes of the incorporated phase in the Ba/Ge(001) system and account for its structural properties by means of ultrahigh vacuum (UHV) scanning tunneling microscopy (STM) measurements and density functional theory (DFT) calculations. Two experimental procedures were used in the study and both are shown to lead to the formation of randomly distributed one-dimensional (1D) domains of the incorporated phases on Ge(001). In the first procedure the Ge(001) surface was held at 970 K (coverage 0.05 ML), while in the second, the Ba atoms were evaporated on the Ge(001) surface at RT (coverage 0.15 ML) followed by annealing at 770 K for 30 min. It is shown that the 2 × 3 Ba-induced reconstruction dominates the structure formed by adopting any of the two experimental procedures. The DFT calculations were performed adopting the 2 × 3 structural model proposed for the Sr/Si(001) system [26, 32] . We show that the simulated STM images properly account for the experimental STM data and especially allow for the identification of structural defects in the 2 × 3 Ba-induced periodicity typically observed in the experiment. This provides a strong argument that the adopted model properly describes the atomic structure of the 2 × 3 incorporated phase for the alkaline-earth metals on both the Ge(001) and Si(001) surfaces.
II. METHODOLOGY

A. Experimental details
Experiments were performed using a commercial Omicron Nanotechnology UHV system, equipped with UHV STM XA microscope with a variable temperature head. The base pressure in the vacuum system was kept below the 1 × 10 −10 mbar level (excluding Ge surface preparation).
Ge(001) samples (3 mm × 8mm) were cut out from a Sb-doped, Ge wafer with resistivity of 1-10 m. The samples were mounted on the standard Omicron direct heating sample holder. The reconstructed Ge(001) surface was obtained using several cycles of Ar + ion sputtering, followed by annealing at 970 K at UHV conditions [3] . The Ba atoms were evaporated on the surface by means of the Omicron EFM-3 e-beam evaporator, using a Mo crucible.
Two samples were analyzed. The first one was obtained by evaporating Ba atoms on the substrate whose temperature was maintained at 970 K for 10 min (including the deposition time of 104 s) resulting in a coverage of 0.05 ML, and the second one by depositing Ba on the substrate kept at RT (Ba coverage of 0.15 ML) and annealed at 770 K for 30 min. Coverages were estimated using proposed adsorption models for both samples [24] . Substrate temperature was controlled using an external pyrometer with an accuracy of ±5 K, focused at the middle part of the sample. Voltage bias-dependent STM images were taken at RT using electrochemically etched tungsten tips with the tunneling currents kept within the 20-150 pA range. The data processing of the topography STM images was performed using the WSXM software [33] .
B. Computational details
Spin-polarized DFT calculations were performed using the VASP code [34, 35] . The plane-waves basis set with the energy cutoff of 312.5 eV, projector augmented wave (PAW) potentials [36] , the generalized gradient approximation (GGA) for correlation and exchange [37] , and the PAW potentials were adopted in the calculations. The 2 × 4 and 4 × 3 surface unit cells were employed using asymmetric slabs (with the calculated bulk lattice constant of 5.78Å) containing six layers and terminated on the bottom surface by hydrogen atoms. Four special k points in the irreducible part of the surface Brillouin zone were used in the calculations. The energy convergence tolerance was 10 −7 eV. The surface charge and probability densities were calculated by integrating the local density of states function (ILDOS) over an energy range of ±1.0 and ±2.0 eV from the Fermi energy (E F ). The obtained data are presented as x y z plots in which the height z is associated with tracing out a selected ILDOS isosurface value and then converted into a gray scale. Such representations of the calculated densities can be interpreted as bias-dependent simulated STM images in the Tersoff-Hamann approximation [38] . 
III. RESULTS AND DISCUSSIONS
A. Experimental STM data Close inspection of the empty-state data images presented in Figs. 1(b) and 1(d) shows that the incorporated phases formed via the two distinct experimental procedures are virtually identical. We observe that in both cases the randomly distributed 1D features (Ba lines) are formed along the Ge surface dimer rows and that the features are surrounded by atomically flat and clean portions of the Ge(001) substrate with a mixture of p(2 × 1) and c(4 × 2) surface reconstructions. The data presented in the empty-state STM images of Figs. 1(b) and 1(d) (and Fig. 2, see later) indicate that the oval-shaped bright protrusions in the incorporated line are regularly spaced and separated by ∼1.2 (2) nm along the [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] direction, resulting in the local 2 × 3 periodicity. We also observe that the incorporated lines do not change their positions during scanning. This is in contrast to the on-top phase where the position of the individual Ba dimers in the chains can be changed during STM scanning [24] . This suggests that the binding energy of the Ba adatoms incorporated into the substrate is higher than that for the Ba adatoms in the on-top phase (at RT conditions). In addition, if the 2 × 3 Ba lines are incorporated next to each other on the neighboring surface dimer rows, the larger two-dimensional (2D) domains with the 2 × 3 periodicity are formed [see Fig. 1(d) ].
The bias-dependent STM images of an isolated Baincorporated line are shown in Fig. 2 . The analysis of the empty-state images of Fig. 2 shows that the 2 × 3 unit cell consists of a pair of bright, oval-in-shape protrusions [marked with A and B in Figs. 2(a)-2(c) ]. One can also observe that protrusion A is imaged darker than B at higher bias voltage [1.8 V, Fig. 2(a) ], but becomes brighter than B for low bias voltage [1 V, Fig. 2(c) ] and has similar brightness at medium bias voltages [∼1.4 V, Fig. 2(b) ]. By contrast, the filled-state STM images of the same structures do not exhibit any significant dependence on the bias voltage. The apparent height measurements in the filled-state STM image of Fig. 2(d) indicate that the incorporated lines are located (50-80 pm) below the surrounding Ge surface dimers. The Ba-induced lines are frequently observed to be formed with defects, and those typically observed are shown in Fig. 3 . The incorporated line with missing protrusion B is shown in the empty-and filled-state images in Figs. 3(a) and 3(b) , respectively (marked by letter C). We observe that this defect (defect C) has no impact on the overall 2 × 3 periodicity along the line. Experimentally, the brightness of this protrusion is much less intensive than that marked with letter B in the neighboring, defect-free 2 × 3 unit cells for biases 2 and the incorporated line. We also note that defect C of Figs. 1(a) and 1(b) is observed less frequently than defect D.
Finally, defect E represented by an asymmetric protrusion in a single 2 × 3 unit cell is shown in Figs. 3(e) and 3(f) (marked by letter E). The brightness of this protrusion is similar to the brightness of feature B in the empty-state STM images of the defect-free incorporated line (see Figs. 1 and 2) ; it is just shifted by about 0.4 nm in the [110] direction and is located closer to the neighboring, Ge surface dimer row. The filled-state image of this defect shows that its presence on the surface has no impact on the surrounding Ge surface structure; see Fig. 3(f) .
B. Modeling
The complexity of the experimental STM images, especially their strong dependence on bias voltage and the presence of defects, makes it difficult to determine the atomic structures of the observed features. However, comparison of our experimental data with those reported for the Sr/Si(001) system indicates that both sets of results are somewhat compatible [26, 27, 32] . It was shown for the Sr/Si(001) system that 2 × 3 and 2 × 6 structures are much more stable than other models at low coverages [32] . As the energetics of the Sr/Si(001) and Ba/Si(001) systems are very similar [31] we will adopt for the Ba/Ge(001) system the structural model proposed for the Sr/Si(001) system [26, 32] . We will further verify the validity of the adopted model and associate the atomic configurations to the defects identified in the Bainduced surface reconstructions. The adopted structural model is shown in Fig. 4 . It assumes that the Ba-induced 2 × 3 surface unit cell with initially three adjacent Ge dimers along the dimer row is formed by removing two of them and exposing four second-layer Ge atoms. These atoms form two new, second-layer Ge dimers. The Ba adatom is placed into this "hollow" site in the vicinity of the remaining first-layer Ge dimer and the two, newly formed second-layer Ge dimers. Figure 5 shows the details of the optimized geometry. The data demonstrate that the Ba adatom incorporated into the surface is bonded to four surrounding second-layer Ge atoms (Ge1, Ge3, Ge7, and Ge8), with the bond lengths of 3.36-3.38Å. The Ge surface dimer within the 2 × 3 unit cell has its buckling angle reduced from 19.4°(bare, ideal surface) to 0.2°and its length is reduced from 2.59Å for the bare Ge dimers to 2.53Å. The two second-layer Ge dimers (Ge1-Ge2, Ge3-Ge4) are also flat with the bond lengths of 2.67Å. The DFT calculations were carried out for the 4 × 3 surface unit cell shown in Fig. 4 . As a result on the unchemisorbed dimer row two Ge dimers are buckled in the same direction giving the local p(2 × 1) surface reconstruction (see Fig. 6 ). However, this does not affect the geometry of the 2 × 3 unit cell induced by the adsorption of Ba (Fig. 4) , as the detailed atomic geometry of the rows neighboring the chemisorbed ones has little or no effect on the energetics and stability of the adsorption-induced geometries.
The calculated electronic structure indicates that the Ba adatom donates its two 6s electrons to the two dangling bonds of the second-layer Ge dimers. These dimers are flattened with quite large bond length (2.67Å) because they also accept two extra electrons from the occupied dangling bond of the first-layer Ge dimer. This results in this first-layer dimer being also flat with the shorter bond length of 2.53Å. The effect of such charge transformation is clearly seen in the simulated STM images presented in Fig. 6 .
At positive bias (integration range of +1 eV above the Fermi level E F ; Fig. 6 , bottom left) the Ba adatoms are not visible and the bright, oval protrusion is associated with the first-layer Ge dimer (Ge5-Ge6 in Fig. 5 ). At higher positive bias (integration range of +2 eV above E F ; Fig. 6 , top left) the bright feature located on the Ba adatom dominates the image. The progressive changes in relative intensities of both protrusions as a function of the integration range (bias voltage) in the simulated empty-state STM images are shown in Fig. 7 . The observed bias dependence is consistent with the experimental data (see Fig. 2 ) and allows us to identify protrusion A with the first-layer Ge dimer and protrusion B with the Ba adatom. Similar effects in the bias-dependent STM imaging have been reported by Lukanov et al. [39] for the Sr/Ge(001) adsorption system. The authors showed that in the empty-state STM images the brightness of the Sr atoms incorporated into the Ge(001) substrate increases with increasing bias voltage [39] .
The simulated filled-state STM images shown in Fig. 6 (right) are virtually independent of the LDOS integration range (bias voltage). This is also consistent with experiment. We observe that in these images the site where the Ba adatom is adsorbed and the first-layer Ge dimer are imaged dark. This is consistent with the electronic structure calculations that indicate the electron transfer from the Ba adatom and the Understanding the structural details of the undisturbed 2 × 3 phase allows us to model the atomic structures of the defects shown in Fig. 3 . The C defect of Figs. 3(a) and 3(b) has been identified as a missing Ba adatom. The atomic arrangement for the undisturbed 2 × 3 structure and the defect are presented in Figs. 8(a) and 8(b) , respectively. The corresponding simulated STM images of this defect are shown in Fig. 8(c) . One can observe that the visible feature within the defected unit cell originates from the first-layer Ge dimer located in the incorporated structure and its brightness increases with decreasing bias voltage in the empty-state images. This is consistent with the experimental data; see Fig. 8(d) .
The D defect of Figs. 3(c) and 3(d) has been identified as a missing first-layer Ge dimer originally located in the incorporated line. The atomic arrangement for the ideal 2 × 3 Ba-induced structure and this defect are shown in Figs. 9(a) and 9(b), respectively. The simulated STM images of the D defect and the undisturbed 2 × 3 structure are shown in Fig. 9(c) . We observe that in the simulated empty-state STM images (lower panel in Fig. 9 ) the feature attributed to the Ba atom becomes brighter with increasing bias voltage. This is also consistent with the experimental STM images in Fig. 9(d) . Finally, based on the above assignments we conclude that the E defect of Figs. 3(e) and 3(f) can be attributed to the Ba atom adsorbed at the valley bridge site between the surface Ge dimer rows, one of which has the Ba-incorporated line.
IV. SUMMARY
We studied the atomic structure of the 2 × 3 incorporated phase of Ba on Ge(001) at low coverage using STM and DFT. Surfaces exhibiting the incorporated phase of Ba were experimentally obtained by two different methods and were shown to have the same structural properties. We found excellent agreement between our experimental STM data and the simulated STM images obtained based on the structural model initially proposed for the Sr/Si(001) system. We therefore conclude that the periodic 2 × 3 Ba-incorporated phase on Ge(001) is structurally identical to that on Sr/Si(100) [26, 27, 32] and as such is not consistent with the early models proposed by Du et al. [17] , Hu et al. [19] , and Ojima et al. [25] Furthermore, comparison of our STM and DFT data enabled us to assign structure of a number of defects observed within regions of Ba-induced 2 × 3 reconstruction. W.K. and A.P. contributed equally to this work.
